INTRODUCTION

UVOD
Oriented strand board (OSB) made from hotpressing strand mats, consisting of slender wood strands glued with water-resistant resins (OSB/3 and OSB/4 grades), usually are formed of three layers crossing at right angle. Strands in the upper and lower faces are oriented approximately along the major board axis, but in the core strands they are usually at 90° to this direction. OSB is often assumed to be an orthotropic material (Canadido et al., 1988; Wang and Chen, 2001 ; Zhu et al., 2005) , but it is rather a threelayer cross laminate (Bodig and Jayne, 1982) , and only on condition that the layers are strictly orthotropic and the number of the layers is big enough the laminate may be assumed to be orthotropic, too (Ashkenazi, 1978 ).
The moduli of elasticity (MOEs) of the entire OSB panel mentioned in the PN-EN 300, PN-EN 310, PN-EN 12369-1 and PN-EN 789 standards are obtained in bending tests with the load perpendicular to the panel plane. Actually, for the OSB panel treated in bending perpendicularly to the plane as a layered system (Bodig and Jayne, 1982) , the moduli of the various layers may be converted to a single modulus for the entire OSB specimen using so-called transformed cross section method. Therefore, OSB as a layered system can be modelled using an equivalent homogenous material for which the moduli of elasticity in directions of major and minor board axes are assumed to be constant throughout the entire cross section of the OSB panel. Obtained in such bending tests, the values of the OSB moduli of elasticity are completely incomparable with those obtained by the tension, compression or bending tests in the plane of the panel (Suzuki, 2000) . MOE of the entire OSB sample in bending perpendicular to the panel plane in contrast to the in-plane bending is strongly, nonlinearly, affected not only by the strand orientation but by the face/core ratio, as well (Suzuki, 2000; Chen et al., 2008) . Additionally, moduli obtained according to the above mentioned standards are useless for the design of the composite box-or I-beams, where OSB webs of those beams are in two-dimensional stress state (in plane stress), as a consequence of their in-plane bending. Therefore, the OSB moduli of elasticity estimated by the out-of-plane bending tests are only the apparent moduli (Carll and Link, 1988; Thomas, 2003) . These effective OSB moduli of elasticity are infl uenced not only by the shape, size and distribution of strands (Nishimura et al., 2004) , but also by the orientation of the strands, particularly in surface layers (Shupe et al., 2001; Wang and Chen, 2001 ). Therefore, the infl uence of these and many other factors on the effective MOE of OSB was often investigated but usually on plates manufactured in laboratory. Many theoretical models to investigate the infl uence of orientation level of strands or also of the vertical density profi le and other factors on the effective MOE of OSB plates (Xu, 2000; Painter et al., 2006 a,b ) were developed, too. A methodology to explain the fundamental formation of the vertical density profi le of OSB plates during the processing period was developed by Winistorfer et al. (2000) and by Wang and Winistorfer (2000) . The industrially manufactured OSB have "U" (Böhm et al., 2011) or rather "M" shaped vertical density profi le (Painter et al., 2006 a,b ) in numerical simulations assumed to be symmetrical about the mid-plane. Therefore, both the surface layers have a higher density than the internal one and consequently the OSB panel achieves higher bending strength and bending MOEs. To determine the variation in strength and elastic properties through the thickness of the OSB panel, Steidl et al. (2003) divided 23/32-inch-thick commercial southern pine OSB panel into 15 layers to obtain thin-layer specimens for tension and compression testing. The layer properties were used to predict the entire panel bending properties (apparent bending MOEs) but the experimental data were not as good as expected.
The objective of this study was to obtain experimentally all the elastic constants of the surface and inner layers of a commercial OSB panel, which are essential for the prediction of the elastic constants of entire OSB plate according to the laminate theory (Bodig and Jayne, 1982) . The assumption was made that the OSB panel is a symmetric laminate consisting of three orthotropic layers crossing at right angle. More direct method of strain measurements with the aid of resistance strain gauges was chosen.
MATERIAL AND METHODS
MATERIJAL I METODE
All specimens were cut from one 1250 by 2500 mm, 18 mm thick commercial OSB/3 panel. The OSB/3 panel (bearing panel for use in wet conditions, according to the PN-EN 300 standard) was formed of three layers crossing at right angle. The inner layer (core) was bonded with the MDI (methylene-diphenyle-diisocyanate) adhesive, while the outer layers (faces) were bonded with the MUPF (melamine-ureaphenol-formaldehyde) resins. The OSB panel was made of fl at, differently wide strands (generally of pine wood -Pinus sylvestris L.), 100 -120 mm long and 0.6 mm thick and manufactured with the use of the ContiRoll press by Kronopol-Żary, Poland. The faces/core weight ratio of the OSB/3 panel was about 50 / 50, in accordance with the manufacturer's data. The average density of the OSB/3 panel of 593 kg/m 3 was obtained in accordance with the PN-EN 323 standard just before the mechanical investigations at the average moisture content of 7.6 % obtained in accordance with the PN-EN 322 standard on the same specimens.
The preparation of the specimens for the experiments of elastic and strength properties consisted of two stages. In the fi rst stage, 72 full-thickness test pieces 510 by 30 mm were cut from the OSB/3 panel: 25 pieces at 0°, 20 pieces at 90° and 27 at 45° with respect to the longer edge (major axis) of the OSB sheet. Five pieces of each orientation type, in total 15 pieces, were randomly selected from the larger group for the experiments of elastic properties. Similarly, another 15 pieces were randomly selected for the experiments of strength properties.
In the second stage, all the selected pieces were sawn into two separate specimens: the inner ones 5.5 mm thick from a core layer, symmetrical about the OSB mid-plane and the surface ones 3 mm thick, always from the same, upper face layer. Such thickness of the specimens was chosen because of a lack of the technical data about the thickness of individual layers of 18 mm thick OSB/3 plates. The thickness of both face layers was estimated to be between 2 and 3.5 mm (on the basis of our own experiments).
All the 30 specimens of three orientation types and of two separate layers, provided for the experiments of elastic properties, were equipped with two 120 ohm strain gauges of TFs-15/120 or HBM 10/120 LY 11 types situated at right angles to each other on the surface of each specimen in such a way that one of the strain gauges was situated parallel to the longer edge of this specimen (Fig. 1.) . The specimens in the form of thin rectangular parallelepipeds were investigated in quasi-static tension tests. The gravity loading was realized by steel disks underslung to the bottom end of the specimen when the top end of the specimen was chucked directly in immovable grips of the FPZ 100/1 testing machine. Only the diagonal specimens (cut at 45° with respect to the OSB major axis) were fastened with the aid of special grips with a rod inserted into two bore-holes of 9 mm diameter, 40 mm from the ends of these specimens to enable shear strains without additional shear stresses. Before the basic tension tests, all the specimens were subjected to a mechanical preconditioning consisting in fi vefold loading-unloading cycles (from the preload to the maximum load) to minimize the infl uence of plastic strains on the results of these experiments.
Three various levels of the maximum load were chosen, taking into consideration the cross-section of each specimen type (face or core), as well as their orientation (at 0°, 45° or 90° with respect to the OSB panel major axis). These load levels were chosen assuming that the stress level during the tension tests should not exceed 30 % of the tensile strength. Each specimen was subjected to a fi vefold load, from the preload up to the maximal load, while the longitudinal and transverse unit strains were measured using strain gauges connected with a measuring amplifi er Mikrotechna 1101 and two digital voltmeters.
Assuming that layers (laminae) of the OSB panel are homogenous orthotropic materials, then fi ve elastic constants in a plane stress state are needed to establish the Hooke's law relationship between the stress and strain states for each of the layers. Four of them are independent: the Young's moduli in direction 1 and 2, E 1 and E 2 ; the shear modulus, G 12 and the major Poisson's ratio,  12 . The fi fth elastic constant,  21 , is a function of the other constants, and it may be determined from the relation: (Ashton et al., 1969) , regarding the symmetry of the stiffness matrix.
Since the assumption that the OSB layers are homogenous orthotropic materials was not evident in this study, it was decided to experimentally determine all the fi ve elastic constants of each layer in three separate tension tests (Fig. 1) . Figure 1 shows three types of tensile specimens cut out from the outer (face) layer of the OSB/3 panel.
The scheme of the tension tests on the inner (core) layer specimens was similar, but on account of different strand orientation in this core layer, which is perpendicular to the major OSB panel axis, x 1 , it was no more the major axis of the orthotropic core layer -it was truly their minor axis.
Finally, destructive tension tests on another 30 specimens (15 face and 15 core specimens), with fi ve specimens of each orientation type (0°, 45° and 90° with respect to the major OSB panel axis, x 1 ), were carried out using a FPZ 100/1 testing machine. The crosshead speed of 1.2 mm/min was selected so that the failure of the specimen occurred within 90 ± 30 seconds. Additionally, the density of the face and core layers was determined, on 25 specimens each time.
RESULTS AND DISCUSSION
REZULTATI I RASPRAVA
Two elastic constants: the Young's modulus, E 1 , and the major Poisson's ratio,  12 , of the face layer (Fig. 1a ) and another two: the Young's modulus, E 2 , and the minor Poisson's ratio,  21 , (Fig. 1b) were calculated as follows: 
while the shear modulus, G 12 , was obtained in three ways: directly, from the third tension test (Fig. 1c) as:
Where:
and more indirectly -from all three tension tests ( 
and (5) Where:
-longitudinal and transverse unit strains
-moduli of elasticity in the principal (x 1 and x 2 ) OSB panel directions and at a = 45° with respect to the major OSB panel axis, x 1 , respectively  12 ,  21 ,  1'2' -Poisson's ratios in principal (x 1 , x 2 ) and rotated at a = 45° (x 1' , x 2' ) axes, respectively Obviously, the formulae (3-5) are valid only in the case when the material tested is orthotropic, in the strict sense (Ashkenazi, 1978) .
The results obtained from the elastic tension tests are summarized in Tables 1 and 2 . Table 1 presents the results of the tension tests on elastic constants of the outer (face) layer of the 18 mm thick OSB/3 panel, while Table 2 gives the results of similar tension tests for the inner (core) layer of this panel. Table 1 clearly shows that the mean value of the Young's modulus of the OSB face layer in the major panel direction, E 1 , is by above 38 % greater than E 2 (in the minor panel direction). The mean value of E 1' Young's modulus in the x 1' direction ( Fig. 1c ) turned out to be smaller than E 1 but greater by 30 % than E 2 . Calculated by the formula (5) / izračunano prema jednadžbi (5) From amongst the Young's moduli determined for the OSB face layer, the E 1' modulus produces the most scattered results. The determination of the Poisson's ratios for OSB is signifi cantly more diffi cult than the determination of the Young's moduli (Thomas, 2003) because it requires very sensitive measuring equipment and, additionally, is considerably affected by the OSB heterogeneous structure. The "major" Poisson's ratio,  12 , produces the most scattered results, and the Poisson's ratio,  1'2' , the least scattered results, as determined during the tension test on diagonal specimens (Fig. 1c) . The value of  1'2' turned out to be much greater (by above 78 %) than  12 and by above 55 % greater than  21 ( Table 1 ). The mean value of the shear modulus, G 12 , of the face layer depending on the formula (3, 4 or 5) used, ranged from 1776 MPa to 2263 MPa. Table 2 clearly shows that the mean value of the Young's modulus of the OSB core layer in the minor panel direction, E 2 , is by above 39 % greater than E 1 (in the major panel direction). The mean value of E 1' Young's modulus (in the x 1' direction) turned out to be somewhat smaller than E 2 but by 33 % greater than E 1 . Among the Young's moduli determined for the core OSB layer, this E 1' modulus, like that for the face layer, produces the most scattered results. Table 2 clearly shows that the mean value of the shear modulus, G 12 , of the core layer ranged from 989 MPa to 1037 MPa, depending on the formula (3, 4 or 5) used. Comparing the Young's moduli values of both the OSB panel layers (Tables 1 and 2) , it is evident (taking into account the same strand orientation to the applied tension in testing) that the Young's moduli of the face layer are 2.18 -2.23 times higher than those of the core layer.
The ratios of the E 1 (face) to the E 2 (core) and of the E 2 (face) to the E 1 (core) were practically identical and amounted to 2.22 and 2.23, respectively. Only the ratio of the E 1 (face) to E 1' (core) was slightly lower and amounted to 2.18.
Similar relationship can be observed between the shear moduli values of both the OSB panel layers. The ratio of the G 12 (face) to the G 12 (core) amounted to 1.98 (taking into account values obtained from the formulae 3 or 5) and 2.29 (taking into account the formula 4). All the obtained Young's and shear moduli were, therefore, twice or more higher in the face layer than in the core layer.
This phenomenon was probably caused by greater density of the face layer than that of the core layer. The density measurements of OSB layers (each time on 25 samples) resulted in mean densities (taking into account the standard deviation) of 749 ± 22 kg/m 3 for the face layer and 535 ± 12 kg/m 3 for the core layer. Therefore, it turned out that the face layer density was 1.4 times greater than the core layer density. This face/ core density ratio is in good accordance with the results of the numerical simulations of OSB vertical density 
Similar correlation between Young's moduli in tension and density of OSB layers was proved by Steidl et al. (2003) . They explained the relatively high scatter of tensile properties of OSB layer (average coeffi cient of variation of 39 %) by the small specimen size used in their work. In this study, in spite of the smaller specimen size, the average coeffi cient of variation for all Young's moduli of both the OSB layers was considerably lower and amounted to 19 %. It was probably caused by the greater thickness of the face and core specimens (3 and 5.5 mm, respectively) than in the experiment of Steidl et al. (2003) , where it was about 1.2 mm. The smaller thickness of the OSB specimens undoubtedly resulted in their higher non-homogeneity.
Specimens cut from an entire OSB panel parallel to their major axis, x 1 , will indicate greater differentiation of elastic properties through the thickness than specimens cut perpendicular to this axis. The ratio of the E 1 (face) to the E 1 (core) amounted to 3.09, while the ratio of the E 2 (face) to the E 2 (core) only amounted to 1.61. This will be due to a combination of a denser face and the strands being oriented parallel or perpendicular to the applied tension. Steidl et al. (2003) came to similar conclusions.
The values of Poisson's ratios (except  1'2' ) turned out to be quite similar for both the layers. Similarly as for the face layer,  1'2' achieved the highest value of the Poisson's ratio for the core layer -obtained at 45° to the principal (x 1 and x 2 ) OSB panel directions.
In spite of identical test conditions (air temperature and relative humidity), the moisture content (MC) of face and core specimens, determined after the elastic tension testes were completed (Tables 1 and 2) , turned out not to be identical. The MC of the core specimens (8.5 %) was somewhat higher than that of the face specimens (6.9 %). This phenomenon was probably caused by the lower density of the core layer and by some OSB processing factors, too. Neimsuwan et al., (2008) established that a higher compression ratio leads to a slight decrease in strands equilibrium moisture content (EMC). They additionally stated that the strand EMC is affected by the platen temperature as well as by the wax and resin loading. Table 3 summarises the results of the additional, destructive tension tests on the OSB face and core layers. It shows that the samples cut from the OSB face layer at 0° (to the major OSB axis, x 1 ) had the highest tensile strength, while the samples cut from the core layer at the same direction had the lowest tensile strength. The values of the mean tensile strength for all types of core samples (0°, 45° and 90°) turned out to be decidedly lower than those obtained for the face samples. All the tensile strength data in Table 3 are surprisingly low in comparison with the PN EN 12369-1 (2002) standard requirements for the OSB/3 (9.4 MPa at 0° and 7 MPa at 90°, respectively). This phenomenon was probably caused by the modifi ed experiment procedure due to the use of very thin samples. Because of that, the increased non-homogeneity of these samples, in regard to the whole OSB panel, has probably increased the stress concentration and induced their premature failure.
Specimens cut from an entire OSB panel parallel to their major axis, x 1 , will be indicate greater differentiation of strength properties through the thickness than specimens cut perpendicular to this axis.
In the fi rst case, the ratio of the tension strength of the face to the core layer amounted to 2.9, while in the second case it was only 1.34. This was, similarly as for elastic properties, due to a combination of a denser face and the strands being oriented parallel or perpendicular to the applied tension. The fi rst ratio is smaller and the second greater than those reported by Steidl et al. (2003) .
CONCLUSIONS
ZAKLJUČAK
All the obtained results confi rmed that the face and core layers of commercial OSB/3 panel, 18 mm thick, differ considerably with respect to density, elastic and strength properties. However, they show the characteristics of an orthotropic material with their strongest properties in the direction of the strand orientation. Due to the lack of the manufacturer's data on the thickness of individual layers of OSB panel, the thickness of each face layer was, experimentally, estimated between 2 and 3.5 mm. The density of the face layer was 40 % higher in comparison with that of the core layer. According to all three investigated directions (0°, 45° and 90°) used in this study, all the Young's moduli of the face layer were 2.18 -2.23 times higher than those of the core layer. Similarly, the shear modulus of the face layer was twice higher than that of the core layer. Only the values of Poisson's ratios (except for ν 1›2› ) were quite similar for both layers. In spite of the distinct differences between the values of all the elastic moduli obtained for both OSB/3 layers, the ratios of the E 1 to E 2 moduli for each layer were practically identical and amounted to 1.38 (in the core layer E 2 to E 1 ). This phenomenon is probably caused by a similar degree of strand alignment in both face and core layers. The tensile strength values for both OSB layers showed distinct differences, too. The ratios of the tension strength of face to core layer obtained in tension tests at 0°, 45° and 90° (with respect to the strand direction) were 2.43, 1.34 and 1.6, respectively.
Specimens cut from the entire OSB panel parallel to their major axis will indicate greater differentiation of elastic and strength properties through the thickness than specimens cut perpendicular to this axis. This phenomenon is caused by a combination of denser OSB face and identity of strands and tension directions.
This study enhances the understanding of the mechanical behaviour of OSB panels and may be useful to predict OSB panel bending, elastic and strength properties. 
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